The genus Armillaria includes some of the most devastating forest pathogens worldwide. 58
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(mrca) of Armillaria (2,012 duplications, 945 losses), as opposed to 14,720 and 14,687 for the 116 mrca of Armillaria and Guyanagaster and that of Armillaria, Guyanagaster and 117
Cylindrobasidium, respectively ( Fig. 1/a,d, Supplementary Fig. 5 ). Further expansion to 19,272 118 genes was inferred for the mrca of A. solidipes, A. ostoyae, A. cepistipes and A. gallica (3,192 119 duplications, 607 losses), although the highly fragmented A. mellea assembly might cause 120 some duplications to map to this instead of the preceding node. 121
Duplicated genes were enriched in functions related to chitin and cellulose binding, 122 polysaccharide metabolism (peroxidase, lyase, hydrolase and oxidoreductase activity), 123 peptidase activity, transmembrane transport, extracellular region and gene expression 124 regulation (p<0.05, hypergeometric test, HT, Supplementary Table 2 ). In line with this, 214 125 domains were significantly overrepresented in Armillaria genomes (p<0.05, HT) relative to other 126 agarics, including several peptidase, glycoside hydrolase (GH) and pectinase domains, CBM50-127 s, expansins, multicopper oxidases as well as several pfams related to secondary metabolism 128 (Supplementary Table 3 ). We found 571 protein clusters specific to Armillaria and Guyanagaster 129 or subclades therein (Supplementary Table 4 ). These included CE4 chitooligosaccharide 130 deacetylases, CBM50-s (LysM), iron permeases (FTR1), and 19 transcription factor (TF) 131 families, among others, although a significant proportion (70%) had no functional annotations. 132
Taken together, these results suggest that gene family expansion was the predominant mode of 133 genome evolution in Armillaria and that the observed genome expansion is largely concerned 134 with diverse extracellular functions, including several lineage-specific innovations some of which 135 have previously been associated with pathogenicity. their immune system [18] [19] [20] . We cataloged 20 families of putative pathogenesis-related genes to 140 assess if Armillaria share expansions of these families with other plant pathogens 141 (Supplementary Table 5 ). Armillaria species are enriched in expansins (p=4x10 -5 , Fisher exact 142 test, FET) and possess many cerato-platanin genes, which contribute to unlocking cell-wall 143 polysaccharide complexes and cause cell death in host plants, respectively and might act as a 144 first-line cell-lysis weaponry during invasion ( Fig. 1/a ). Carboxylesterases and salicylate 145 hydroxylases show moderate enrichment in both Armillaria and Moniliophthora species, along 146 with other weakly pathogenic taxa (e.g. Marasmius fiardii). Salicylate hydroxylases have been 147 implicated in developing a tolerance to salicylic acid, which is released to block the jasmonic 148 acid defense pathway of plants upon infection. In contrast, cutinases (CE5) are missing from 149
Armillaria species but present in Moniliophthora spp.
14 that primarily infect through leaves. LysM 150 domains (CBM50) are overrepresented in Armillaria compared to other 151 FET), while GH75 chitosanases are exclusively found in Armillaria and Moniliophthora species 152 (Fig1/a, Supplementary Table 5 ). In other plant pathogens, these are involved in modifying 153 fungal cell wall composition and/or capturing chitin residues to mask chitin-triggered immune 154 signals in host plants [21] [22] [23] [24] [25] respectively, marking one of the largest expression change in our experiments (Fig. 2) . 188
Similarly, the highest number of unique proteins (n=729) was detected in rhizomorphs 189 compared to vegetative mycelia Figs. 8-11). Pectin-degrading CAZy families showed the most remarkable upregulation, 223 including several GH28s, pectinesterases, a GH88 and PL3 gene ( Supplementary Fig. 11) , 224 although the latter showed elevated expression throughout fruiting body development also. 225
Similarly, two HTP genes and eight laccases were significantly overexpressed (Supplementary 226 We detected 19 significantly upregulated TFs, ten of which had peak expression in 254 rhizomorphs across our experimental conditions. Although based on global TF expression, 255 rhizomorphs are most similar to vegetative mycelium ( Supplementary Fig. 17 Table 11 ). In addition, three cell wall galactomannoproteins show 283 high expression in fruiting bodies (up to logFC VM =13.5, Supplementary Table 12), two of which 284 were expressed only in caps, whereas AROS_19505 was highly expressed throughout12 development. These genes are homologous to the Aspergillus hydrophobic cell-surface protein 286
HsbA, which has been hypothesized to recruit hydrolytic enzymes during lignocellulose 287 degradation 35 and appressorium attachment to host surfaces 36 . As lignocellulose-related 288 processes are inactive in fruiting bodies, their expression suggests specific roles during cap 289 development, possibly in cell-wall remodeling. Several chitin metabolism-related genes were 290 upregulated in fruiting bodies, including GH88 chitinases, a CBM50 containing gene, a GH75 291 and six chitooligosaccharide deacetylases (Supplementary Table 10 ), which might be related to 292 generating development-specific cell-wall architectures. Interestingly, certain HTPs, GMC 293 oxidoreductases (AA3) and pectinolytic genes, generally linked to lignocellulose degradation, 294
were also upregulated in fruiting bodies ( Supplementary Fig. 18 ). 295
Defense-related genes in rhizomorphs and fruiting bodies 296 Defense against predators and competitors is a fundamental property for complex multicellular 297 structures. We detected a significant proportion of putative defense-related genes of A. ostoyae 298 upregulated in rhizomorphs, fruiting bodies or both (Supplementary Table 13 ). Fruiting bodies 299 expressed three fungal hemolysins: a deuterolysin and a bacterial MTX2 pore-forming toxin 300 gene were highly upregulated across fruiting body development, whereas a second MTX2 301 homolog showed upregulation in stipes and rhizomorphs. The insecticidal activities of these 302 hemolysins 37 and the observed expression patterns suggest a role in defense of fruiting body 303 structures. Two cerato-platanin genes were significantly upregulated in rhizomorphs and fruiting 304 bodies, as well as four ricin-B-lectin genes, previously implicated in defense against nematodes 305 and insects 37 . A homolog of the nematocidal Coprinopsis ccl2 38 and a gene encoding a 306 thaumatin-like protein were highly expressed from stage I primordia to young fruiting bodies 307 mature fruiting bodies and vegetative mycelium. Taken together, the upregulated genes indicate 308 13 a phylogenetically and functionally diverse defense arsenal expressed in both fruiting bodies 309 and rhizomorphs. 310
Shared morphogenetic machineries between rhizomorphs and 311 fruiting bodies 312 Rhizomorphs share a complex multicellular organization with fruiting bodies. Consistent with 313 this, we observed several genes with similar expression patterns in rhizomorphs and various 314 fruiting body tissues (Fig. 3 ). These included two mating type pheromone receptor and the white 315 collar 1-2 genes, which mediate the initiation of fruiting body development and could point to 316
shared developmental origins of rhizomorphs and fruiting bodies or two CBM67 genes that were 317 upregulated in rhizomorphs and all fruiting body samples relative to vegetative mycelium. There 318 were 442 genes that showed >fourfold elevated expression over vegetative mycelium and 319 relatively constant expression across rhizomorph and fruiting body samples ( Table 9 , 325 Supplementary Fig. 19 ), pore forming toxins, hydrophobins, TFs and SM genes, among others. 326
For caps and rhizomorphs 1,728 and 28 such genes were found, including several GMC 327 oxidoreductases, a GH88, a ricin-b-lectin and other SM genes ( Fig. 3 /c, Supplementary Table  328 15). This indicates that rhizomorph development extensively draws upon fruiting body genes, 329 and makes us speculate that fruiting body development could have been the cradle for the 330 evolution of rhizomorphs in Armillaria spp. 331
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To assess whether co-regulated genes possess a common cis-regulatory signature, we 332 searched for putative TF binding sites (TFBS) by de novo motif discovery 39 in 1kb upstream of 333 63 stipe/rhizomorph and 28 cap/rhizomorph co-expressed genes as well as in promoters of 334 those that showed constant high expression in all complex multicellular structures (Fig. 3) key traits of complex multicellularity, such as 3-dimensional organization, cell adhesion or a 365 highly integrated developmental program. We hypothesize that the observed similarity in gene 366 expression indicates common developmental origins and suggest that the evolution of 367 rhizomorphs may have extensively drawn upon the genetic toolkit of fruiting body development 368 in the Agaricomycotina. We identified genes putatively involved in cap-and stipe 369 morphogenesis, as well as some co-expressed in all complex multicellular stages and candidate 370 TF binding motifs within their promoters. These represent putative building blocks of the gene 371 regulatory circuits governing mushroom development and enabled us to zero in on the genetic 372 bases of complex multicellularity in fungi. This study has provided comparative genomics 373 insights into the evolution, pathogenicity and multicellular development of a group of devastating 374 forest pathogens. It should facilitate further understanding of the biology of Armillaria, which, 375 combined with new genomic resources and in planta interrogation of their pathogenic behavior 376 could bring the development of efficient strategies for containing the spread and damage of 377 together in 720 ml jars, sterilized and overlaid with a ca. 2cm layer of homogenized tomato 721 followed by another round of sterilization), RSTO (RST medium with additional 100 g minced 722 orange), Orange media (3 roughly chopped oranges in 720 ml jars) and RNA was extracted 723 using the RNEasy Midi kit (QIAGEN). C e r a to -p la ta n in E x p a n s in F e r r ic r e d u c ta s e H a lo g e n a s e S a li c y la te h y d r o x y la s e N R P S -li k e s y n th a s e _ 2 N R P S -li k e s y n th a s e _ 1 P o ly k e ti d e s y n th a s e P r e n y l tr a n s fe r a s e T e r p e n e c y c la s e P o ly p r e n y l s y n th a s e C a r b o x y le s te r a s e 6000 300 3000 
